Flail chest has been described as fracture of four or more adjacent ribs in two separate locations.
Clinical outcomes for open reduction internal fixation (ORIF) of all ribs in the flail segment have improved. In this study, the main objective was to determine if all or some of the ribs in the flail segment were necessary for stabilization via internal fixation with titanium plates. This study utilized a pressure transducer to assess the force required to move a cadaveric rib 1 cm after fracture and subsequently after fixation. Stability of the ribs was compared to baseline measurements of force required for 1 cm displacement of individual ribs. Fixation of ribs 4 and 5 at medial and lateral fracture sites proved to be most crucial in stability of a flail segment containing ribs 3-6. Minimizing external exposure and adopting a less invasive approach is proposed by fixation of the critical ribs in the flail segment. Stabilization of only ribs 4 and 5 could reduce the complications inherent to rib fixation and also those introduced in complete flail chest segment repair.
Management of patients with blunt chest injury, often from motor vehicle accidents, has been controversial. Historically, these patients have been treated with aggressive pain control and mechanical ventilation if necessary. Recent studies have proven that flail chest fixation may be a viable alternative with improved clinical outcomes. 1 Of these injuries, 6% result in flail chest, defined by the fracture of four or more adjacent ribs in two separate locations. 2, 3 Clinically, paradoxical motion of the rib cage accompanies flail chest. Upon normal inspiration, the rib cage displaces anteriorly to decrease the intrathoracic pressure and promote entry of air into the lungs. Paradoxical motion is exhibited when the disconnected flail segment moves in the opposite direction of normal inspiration, often causing pain and possibly atelectasis. 4 Independent from the discomfort, paradoxical motion also decreases respiratory efficiency, with canine studies revealing 10% reductions in forced expiratory volume in one second (FEV 1 ). 5 Compression of the lungs by the flail segment prevents the full volume of air from entering upon inspiration and exiting upon expiration. 6 With the traditional treatment of mechanical ventilation and analgesics, in-hospital mortality rates may be as high as 33% for those patients 8, 9 While a large prospective randomized trial has not been conducted, Marasco et al. noted no significant differences between mechanical ventilation and three-month spirometry follow-up, but affirmed retrospective studies by noting decreased intensive care unit (ICU) stays, incidence of pneumonia, tracheosteomies, and monetary cost to the patient. 10 Additionally, surgical patients also reported less chest pain and dyspnea on exertion after the intervention, allowing them to return to work more quickly than their counterparts.
Operative indications for flail chest repair have been controversial, with most trauma centers operating under the principle that flail chest segments should be managed without operative fixation. 11 If not injured during the initial rib fracture, operative fixation of unnecessary ribs can also lead to post-thoracotomy pain syndrome, due to potential injury of the adjacent intercostal nerve lying on the undersurface of the rib. 12 Furthermore, studies suggest that complications of rib fixations resulted in plate loosening or wire migration in 1.2% of patients, and rigidity requiring plate removal in 1.4% of patients. 13 Operative fixation studies have suggested that ribs 3-10 are eligible for fixation, while ribs 1, 2, 11 and 12 are minimally important in ventilation. 14 Campbell et al. used a bioabsorbable mesh to stabilize ribs 6 and 7, while ribs 4-7 were those most commonly fractured. 15 Currently, no studies thus far have attempted to isolate individual ribs essential in stabilization of a flail chest segment. This study proposes the 5 th rib to be key in stabilization of repair if involved in a flail chest segment. Responsible for spanning the lung at its greatest cross-sectional area on inspiration, the 5 th rib is displaced more than all other ribs. By limiting the inherent displacement, the authors propose that repair of the 5 th rib may be more crucial, offering more stabilization, than other ribs of the flail segment.
One of the overall goals of the project is to better understand flail chest, in hopes that future patients may be treated more efficiently. Furthermore, the necessity of stabilization of some or all ribs in a flail chest segment will be determined. Based on displacement before and after fixation, stability of certain ribs may be sufficient to stabilize the entire segment. Developing optimal rigid fixation techniques in rib fracture repair is essential for clinical practice, particularly to reduce surgical morbidity and extraneous costs in trauma surgery.
Methods of Measurement
A pressure transducer with a Sensotec sensor manufactured by Steven Engineering, Inc. (San Francisco, CA) was used to administer a variable amount of force to individual ribs of the intended flail segment (ribs 3-6). Baseline measurements of force (kg) were recorded in the mid-portion of the flail segment (approximately 8 cm from midline) in response to 1 cm displacement of each rib (Fig. 1) . A manual force was applied to the top of the instrument shaft. The amount of force applied to the ribs was then recorded, with constant 1 cm movement of the bottom 'T' portion shown by the horizontal lines on the shaft in Figure 1B .
Outcome Measurement
Prior to baseline measurements, cadaveric soft tissue removal was conducted down to the level of the ribs, with intercostal muscles remaining intact. The cadaver used in this study was a female in her seventies, with no prior history of osteoporosis, metastatic disease, or other bone disease. The force (lb) required to move each rib 1 cm was measured prior to fracture to establish a baseline value. This value would allow for further comparison upon fracture and subsequent fixation. Fracturing of ribs in the flail segment proceeded in the following random order: rib 5 (medial, M), rib 4 (M), rib 3 (M), and rib 6 (M), followed by rib 5 (lateral, L), rib 4 (L), rib 3 (L), and rib 6 (L) in order to form the flail segment. Ribs were fractured using a rib cutter/shearer medially at approximately 4 cm from the midline, while lateral fractures were approximately 12 cm from the midline. Between each fracture, measurements were conducted at the mid-portion of each flail segment (approximately 8 cm from the midline) to determine the force required to displace each individual rib 1 cm. An anterior view of the rib cage with symbols delineating fracture/fixation sites and measurement sites can be seen in Figure 2 . For each rib, 3 measurements were recorded to assure accuracy and statistical significance, with results expressed as a mean and standard deviation of those measurements.
Stabilization was then initiated using short titanium plates with 3 small screws on either side of the fracture site. The same progressive approach used in rib fracture was also performed in rib fixation. Fixation of the ribs assessed stability of the flail segment, with stabilization then compared to the individual rib's baseline measurement. Fixation of ribs proceeded in the following order: rib 5 (M), rib 5 (L), rib 4 (M), rib 4 (L), 
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rib 3 (M), rib 3 (L), rib 6 (M), rib 6 (L)
. Again, between each fixation, measurements were conducted in the center of the rib to determine the force required to displace each individual rib 1 cm.
Initial medial fracture of rib 5 resulted in instability solely of rib 5, while further medial fracture of rib 4 destabilized rib 3 and 4, as well as rib 5 further. Subsequent medial fractures of ribs 3 and 6 did not cause further destabilization in any of the ribs in the flail segment. Numerical data regarding baseline and post-fracture forces required to displace individual ribs 1 cm are presented in Table 1 .
After medial fractures of all four ribs, lateral fracture of rib 5 produced a marked decline in stability of rib 5, without change in stability of ribs 3, 4, or 6. Subsequent lateral fracture of rib 4 resulted in 42% stabilization (1.3/3.1 kg) when compared to baseline. Lateral fracture of rib 3 produced successive moderate destabilization in ribs 4 and 5, with a marked decline in stabilization in rib 3.
Stability of the rib fixation was compared to initial baseline measurements taken prior to artificial flail chest segment formation. Numerical data regarding baseline and post-fixation forces required to displace individual ribs 1 cm are presented in Table 2 . Medial fixation of rib 5 resulted in an 18% increase in rib 5 stability and a 16% increase in rib 6 stability compared to the flail chest segment without fixation. Further lateral fixation of rib 5 resulted in additional stabilization of ribs 4 and 5. Medial and subsequent lateral fixation of rib 4 resulted in an 86% increase in rib 4 stability when compared to fixation of solely rib 5. Furthermore, ribs 3, 5 and 6 each achieved an additional 10-20% stabilization with complete fixation of rib 4. Medial and lateral fixation of rib 3 resulted in an additional 33% stability when compared to medial and lateral fixation of solely ribs 4 and 5.
In order to provide a comparison to rib 5 fixation data, one further experiment was conducted. All plates were removed except the two plates allowing fixation of rib 4. Fixation of those two locations resulted in forces (kg) of 2.7 (50%; 2.7/5.4), 3.9 (126%; 3.9/3.1), 2.5 (54%; 2.5/4.6), and 4.0 (69%; 4.0/5.8) to move each rib 1 cm for respective ribs 3-6. Table 1 : Average force (kg) required for 1 cm displacement of ribs in creation of flail chest segment. Measurements in ribs 3-6 conducted prior to fracture (baseline) and after each subsequent fracture. Results reported as mean standard deviation (kg). Percentages displayed as % stability in comparison to individual rib's baseline measurement prior to flail chest creation. Insignificant to the central hypothesis, early fracture force measurements of ribs 3 and 6 were not recorded.
Rib #
In comparison to initial measurements prior to rib fracture, formation of the flail chest segment resulted in 24-41% baseline stability. Fixation of rib 5 medially and laterally resulted in greatly improved stability at ribs 4-6. Further fixation of rib 5 medially and laterally resulted in markedly improved stability of rib 4, with moderate increases in ribs 3, 5, and 6. Aside from the marked increase in rib 3 stability with rib 3 fixation, there was minimal, if any, benefit to fixation of ribs 3 and 6. Stability greater than baseline measurements (>100%) could be explained by engineering characteristics of metal alloys. Compared to bone, steel or titanium plates inherently have a larger area under the stress/strain curve. Defined as the stresses absorbable below the yield point (fracture/displacement), the elastic strain energy is up to 25 times greater for metal alloys. Therefore, it is not unreasonable that some measurements improved above baseline during fixation of the flail chest. 16 Optimizing flail chest repair is essential for the recovery of patients. While variations may be present between different patients, stabilization of ribs 4 and 5 appears to be vital to overall stabilization of the flail segment. With a less invasive approach to rib fixation in patients with flail chest segments, patient care will also potentially improve by decreasing the likelihood of postthoracotomy pain syndrome and frequency of repeat operations for plate migration.
As this study appears to be the first in the field of determining which ribs are essential in flail chest segment stability, this research could be viewed as a pilot study. As only one cadaver was utilized, efforts involving a greater cadaveric population size are required and would be beneficial prior to study implementation in live tissue. A random, although progressive, approach was taken to the order of rib fracture and subsequent fixation. Further studies would benefit from performing rib fixation in varying orders. Limitations of this study and potential benefits of more sophisticated technology would allow further evaluation of this interesting field in living tissue. Cadaveric tissue results presented suggest that ribs 4 and 5 are critical in flail chest segment repair and overall stability. Minimizing external exposure and adopting a less invasive approach is proposed, suggesting that stabilization limited to ribs 4 and 5 could reduce the complications inherent to rib fixation and also those introduced in complete flail chest segment repair. Table 2 : Average force (kg) required for 1 cm displacement of ribs in fixation of flail chest segment. Measurements in ribs 3-6 conducted prior to fracture (baseline), after creation of full flail chest segment, and after each subsequent fixation. Results reported as mean standard deviation (kg). Percentages displayed as % stability in comparison to individual rib's baseline measurement prior to flail chest creation. Measurements of rib 3 after late fixation of rib 6 were demmed insignificant to the central hypothesis.
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